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ANNUAL PROGRESS REPORT 

NASA RESEARCH GRANT 01-007-001 

In t roduct ion  

In  continuance of t h e  d e t a i l e d  annual r e p o r t  submitted i n  August 1970, 

t h e  research  work on t h e  determination of ion iza t ion  energies  of a few organic 

semiconductors has progressed s a t i s f a c t o r i l y  and r e l i a b l e  r e s u l t s  have been 

obtained. 

I n  t h e  previous annual r e p o r t ,  emphasis has been made on t h e  following 

po in t s  : 

1 )  The importance of ion iza t ion  measurements of semiconductors i n  
understanding t h e i r  p roper t i e s  and s t r u c t u r e s  i n  d i f f e r e n t  
ambient atmospheres. 

2 )  A s h o r t  up t o  d a t e  review of t h e  work done, r e s u l t s  obtained 
and t h e o r i e s  evolved f o r  adsorption of gases  by meta ls  and 
semiconductors. 

3) The present  experiment - t h e  theory and t h e  experimental technique 

4) The experimental s e t  up i n  determining t h e  ion iza t ion  energies  i n  
a i r  atmosphere, t h e  l a y  ou t  cons i s t ing  of 

a )  t h e  c e n t r a l  chamber 
b)  t h e  o p t i c a l  u n i t  
c )  power supply u n i t  
d )  observation u n i t  

5 )  The technique of measurement. 

6 )  Outl ine  of t h e  intended programme of research.  



The Proqress of Work 1970-71 

I. Determination of Ionization Energies i n  A i r  

With t h e  experimental layout already s e t  up, measurements of ionizat ion 

energies were continued with a number of organic semiconductors i n  a i r  atmos- 

phere. The c r y s t a l s  used i n  t he  work were specia l ly  prepared and cent  percent 

pure. The r e s u l t s  a r e  found t o  be i n  good agreement with t h e  already exis t ing 

values published fo r  some of t he  c rys ta l s .  

Resul ts  

Substance 

1. Anthracene 
2. Magnesium Phthalocyanine 
3. Graphite 
4. Tetracene 
5. Pentacene 
6. Zinc Phthalocyanine 
7. Copper Phthalocyanine 
8. Hydrogen Phthalocyanine 

Ionization Energy i n  A i r  

4.95 ev. 
4.77 ev. 
4.65 
4.80 d J  

4.60 .# 
5 . 12 ,I' 

4.70 . a  

4.85 N 

It i s  contemplated t h a t  a fu r ther  ver i f i ca t ion  of the  r e s u l t s  i n  a i r  

atmosphere should be repeated pa r t i cu l a r l y  f o r  2 o r  3 c r y s t a l s  so a s  t o  obtain 

.concurrent r e s u l t s  and t o  es tab l i sh  t he  t r u e  cha rac t e r i s t i c s  of these typ ica l  

c r y s t a l s  i n  vacuum and other  gaseous atmospheres and t o  es tab l i sh  t he  e f f e c t  

of the  adsorption of gases on them. The c r y s t a l s  chosen f o r  experimentation 

ar,e magnesium phthalocyanine and anthracene. 

11. Determination of Ionization Energies i n  Vacuum (up t o  10-6mms of mercury) 

The experimental s e t  up cons i s t s  of t he  same g l a s s  cross-chamber, t h e  four 

limbs of which a r e  f i t t e d  with p l a t e s  carrying t h e  necessary f i t t i n g s  held 

vacuum t i g h t  by su i tab le  o-rings. 

The pumping system cons i s t s  of a two inch ahkcc~led o i l  d i f fus ion  pump 

(T.M vacuum products) working i n  conjunction with a mechanical pump (welch). 
\ ' 



A coowldl. f o d i n e  t r a p  (veeco) and o the r  vacuum t r a p s  a r e  connected i n  t h e  l i n e  

t o  minimize contamination of t h e  experimental chamber with evaporated o i l .  

Two thermocouple gauges, one on t h e  f o r e  l i n e  and t h e  o t h e r  on t h e  high- 

. vacuum s ide ,  combined with d ischarge  and ion iza t ion  gauges measure t h e  pressure 

-1/ 
i n s i d e  t h e  system. A pressure  up t o  loms of mercury could be a t t a i n e d  even 

without t h e  use  of l i q u i d  ni trogen.  

Based on t h e  same technique of measurement, ion iza t ion  energies  of magnesium 

-6 phthalocyanine and anthracene were determined i n  a vacuum up t o  lo-,? t o r r .  

The experiment works s a t i s f a c t o r i l y  and promises r e s u l t s  of higher accuracy 

and dependabi l i ty  i n  a more perfec ted  vacuum system going down'to 10-llmms of 

mercury, which experimental s e t  up i s  i n  progress now. 

Resu l t s  

Substance 
P 

Magnesium Phthalocyanine 
Anthrac ene 

Ion iza t ion  T-l g-6- Energy i n  Vacuum 

3-*,20 ILb' 

4 - 8 3  LV 

111. Determination of Ioniza t ion  Energies i n  Ul t ra  High Vacuum ( & l l  t o r r )  

Work i s  i n  progress s i d e  by s i d e  i n  s e t t i n g  up a p e r f e c t  u l t r a  high vacuum 

system experiments i n  which would e l iminate  t h e  p o s s i b i l i t y  of  even t h e  l e a s t  
1 

adsorpt ion  e f f e c t  of any kind on t h e  surface  of t h e  u l t r a  pure experimental 

c r$s ta l  under study. The r e s u l t s  obtained no doubt w i l l  then  show t h e  t r u e  

c h a r a c t e r i s t i c s  of t h e  semiconducting c r y s t a l  s u r f a c e  i n  vacuum. 

The experimental layout  c o n s i s t s  of - 
1 ) The Experimental Chamber 

The c e n t r a l  g l a s s  cross-tube chamber ( s p e c i a l l y  fabr ica ted  a t  t h e  
u n i v e r s i t y  of Alabama i n  ~ u n t s v i l l e )  has t h e  u-v i n l e t  s u p e r s i l  
window and t h e  high vol tage  terminals  with cgvar s e a l s  fused onto 
t h e  proper limbs of t h e  chamber. The condenser p l a t e s  made of 
s t e e l  a r e  f i t t e d  v e r t i c a l l y  a t  t h e  c e n t r e  of t h e  c r o s s  tube  and 



' at tached t o  t h e  holders  making contac t  with the  high voltage 
terminals .  The t h i r d  limb connected t o  a glass-to-metal f l ange  has 
provis ions  t o  i n s e r t  and remove a t  w i l l  t h e  quar tz  f i b r e  car ry ing 
t h e  experimental c r y s t a l .  A s i d e  tube i n  t h e  chamber leads  t o  t h e  
pumping system and t o  a gas  i n l e t  system. 

The chamber and connections a r e  e n t i r e l y  of pyrex and devoid of a l l  
non-metal o-rings, t h u s  f a c i l i t a t i n g  t h e  chamber t o  be heated i n  
vacuum t o  200-4000, i n  an oven so t h a t  outgassing from exposed 
su r faces  may be eliminated f u l l y  and t h e  c r y s t a l  a l s o  presents  
i n i t i a l l y  a p e r f e c t l y  c l ean  surface  f o r  experimentation. 

2) The Pumping Unit 

I t  c o n s i s t s  of a mercury vapour d i f f u s i o n  pump (Lab Glass  Co.) 
working i n  conjunction with t h e  welch mechanical pump, Proper 
f o r e l i n e  t r a p s  and o ther  t r a p s  a r e  inse r t ed  i n  t h e  l i n e  t o  e l iminate  
backstreaming. With l i q u i d  n i t rogen i n  t h e  cold t r a p  at tached t o  the  
d i f f u s i o n  pump, t h e  pressure  i n  t h e  system can be brought nea r ly  t o  
10-1lms of mercury. 

The measuring gauge u n i t  c o n s i s t s  of proper manostats ( ~ a b  Glass ), 
vacuum gauge t r a p s ,  thermocouple and ion iza t ion  gauges. 

3 )  Gas inlet-System 

Provision i s  a l s o  made f o r  connecting t h e  chamber t o  a gas i n l e t  
system which. c o n s i s t s  of compressed gas tubes  (mthasons )  l i k e  oxygen, 
hydrogen, nbtrogen, carbondioxide, i n e r t  gases,  e t c , ,  each provided 
with proper r e g u l a t o r s  and flow con t ro l  values,  and a thermocouple- 
d ischarge  gauge system t o  measure t h e  pressure  of t h e  incoming gas 
supply. An add i t iona l  ion-pump i s  inse r t ed  i n  the  system t o  exhaust/ 
whenever necessary The gas  l e t  i n  t o  t h e  experimental chamber. > 

Proposed Study 

The nex t  s t e p  i n  t h e  progress of t h e  work i s  t o  determine t h e  ion iza t ion  

earbrgies of two t y p i c a l  c y r s t a l s  (magnesium phthalocyanine and anthracene) i n  

3 
u l t r a  high vacuum and i n  d i f f e r e n t  gaseous atmospheres having a pressure  10- mms. 

of mercury. 

A s  indica ted  i n  t h e  previous annual r e p o r t ,  it i s  a l s o  proposed t o  study t h e  

e f f e c t  of var ious  encumbent gaseous pressures  up t o  lo-%,, and a l s o  t h e  e f f e c t  

of p a r t i a l  pressure  atmospheres of varying proport ion on t h e  surface  ion iza t ion  



energies  of t h e  c r y s t a l s  under study. 

Now t h a t  t h e  experimental layout  and t h e  vacuum system is  almost completed 

and i n  working order ,  and t h e  experimental problems more o r  l e s s  under con t ro l ,  

it i s  hoped t h a t  t h e  progress of t h e  work w i l l  be more sa t i s fac to ry .  

Comments 

a )  The main 'source of e r r o r  i n  t h e  experiment could be t o  a s c e r t a i n  
f o r  each wave length t h e  balancing vol tage  when no more e l e c t r o n s  
a r e  l i b e r a t e d  from it, The only way t o  make sure  of t h e  f a c t  was 
t o  wai t  a considerable period of no t  l e s s  than 30 minutes with each 
wave length  o r  Fddia t ion  t o  see t h a t  the  c r y s t a l  madenofur ther  
motion a f t e r  it wds f i n a l l y  brought t o  t h e  reference  pos i t ion  on t h e  
microscope sca le ,  Even with t h i s  extreme precaution, one cannot be 
too  sure, a s  t h e  l i b e r a t i o n  of a few e l e c t r o n s  of t h e  order  of 1 0  o r  
l e s s  may not  even be indica ted  by any movement of t h e  c r y s t a l  a t  a l l  
f o r  t h e  q u a l i t y  of t h e  f i b r e  used. 

b)  I n  vacuum, one main d i f f i c u l t y  i n  making measurements i s  t h a t  t 
c r y s t a l  w i l l  be i n  s t a t e  of s l i g h t  perpetual  v ib ra t ion  on a c c o u z  of 
t h e  lack of damping i n  i t s  environment. S t i l l ,  with extreme pre-  
caut ion ,  and wi th in  e r r o r  of perception, t h e  c r y s t a l  could be brought 
back t o  t h e  exact  reference  pos i t ion .  3. 

c )  Again t o  avoid e l e c t r i c a l  breakdown, t h e  experiment had t o  be done a t  
comparaatively lower vo l t ages  i n  vacuum. 

3 '  

d )  To avoid e l e c t r o n s  being l i b e r a t e d  from t h e  meta l l i c  capaci tor  p l a t e s  
by t h e  impingement of t h e  high energy r a d i a t i o n  on them, and thus  
obscuring t h e  t r u e  onse t  of photoionizat ion of t h e  c r y s t a l  surface ,  
t h e  p l a t e s  were given a t h i n  i n s u l a t i o n  coating,excepting f o r  t h e  
e l e c t r i c a l  con tac t  points ,by dipping them i n  a so lu t ion  of p a r a f f i n  
dissolved i n  n-Hexane. 

f 
I t  might s t i l l  be ques t ionable  whether t h e  method can be bel ieved t o  
g ive  c e n t  percent  accura te  information on t h e  absolute  values of work 
funct ion  of t h e  c r y s t a l s  under study, bu t  it no doubt g ives  a 
h ighly  r e l i a b l e  comparative study of t h e  r e l a t i v e  changes i n  surface  
p o t e n t i a l  of t h e  d i f f e r e n t  semiconductors i n  various ambient atmospheres. 

Moreover, t h e  s impl ic i ty  of t h e  method and i t s  technique of measurement 
make it super ior  t o  most o the r  methods i n  extending t h e  surface  s tud ies  
of semiconductors under var ious  atmospheres and p a r t i a l  pressure  
atmospheres. 



Discussion 

The t r u e  work function of a metal has been defined a s  t h e  minimum amount 

of energy required t o  remove an e lect ron from the  surface of t he  metal a t  O'K, 

and i s  t h e  d i f fe rence  i n  energy of an e lect ron a t  t h e  fermi-level j u s t  ins ide  

t h e  surface and a t  r e s t  j u s t  outs ide  the  image po t en t i a l  b a r r i e r  i n  vacuum. 

Photoelect r ic  threshold loca tes  the  e lec t ronic  energy l eve l s  of t h e  semicon&&or 

surface with respec t  t o  t he  fermi-level. This threshold i s  t he  lowest photo - 
energy ab l e  t o  exc i t e  e lec t rons  from f i l l e d  l eve l s  over t he  surface bar r i e r .  

In  view of the  Summerfold e lec t ron  theory, it can be said t h a t  gases a f f e c t  

t he  photo-electr ic p rope r i t i e s  of a surface e i t he r  through a change i n  t h e  

magnitude o r  shape of the  surface po t en t i a l  ba r r i e r  (wa) o r  by a change i n  the  

po ten t ia l  ( p) of the  e lec t ron gas within t he  metal. On t h i s  theory, t h e  photo- 
4. 

e l e c t r i c  threshold of a surface i s  given by hvo = e 4 = wa - r. The term h$ i s  

equal t o  t h e  minimum k ine t i c  energy of t he  e lec t rons  i n  the  metal. Thw,, i n  a 

metal,  a  l ayer  of pos i t ive  ions  adsorbed on the  surface,  would lower t h e  work 

function and a layer  of negative ions  would increase the  work function. 
*'t,, 

On the  other  hand, gases adsorbed throughout t he  body of the  metal may' 

produce an expansion of the  metal c r y s t a l  l a t t i c e  and t h i s  might give a smaller 

wa. Since $N depends on t he  number of f r e e  e lec t rons  per u n i t  volume, it might 

be a l t e red  by t he  presence of adsorbed gases within t he  body of the  metal. 

Photo e l e c t r i c  emission from semiconductors i s  accepted t o  be volume e f fec t .  

I t  has been found from work on cesiumcoated s i l i con  su r f ace sQ)  t h a t  p-type 

samples should exh ib i t  a  high photoelect r ic  quantum ef f i c iency  than n-type 

samples. 

~a rdeen (2 )  has made the  simple assumption t h a t  the re  a r e  d i s c r e t e  energy 

s t a t e s  a t  t h e  surface of a semiconductor, located e i t h e r  i n  t h e  forbidden energy 



gap o r  i s o l a t e d  i r i  t h e  oxide a t  t h e  surface  t h a t  a r e  capable of t rapping 

charge o r  serving as recombination s i t e s  o r  both. I f  these  l e v e l s  a r e  

p a r t i a l l y  f i l l e d  a double layer  w i l l  form a t  t h e  surface. With the  re l .a t ive ly  

low dens i ty  of f r e e  charge i n  a semiconductor, ex te rna l  e l e c t r i c  f i e l d s  can 

pene t ra te  i n t o  t h e  ma te r i a l  f o r  s u b s t a n t i a l  d i s t a n c e s  before being shielded out. 

Th i s  sh ie ld ing charg.e cloud i s  t h e  surface  space charge region. Depending on 

t h e  s ign  and magnitude of t h e  ex te rna l  f i e l d s ,  it can c o n s i s t  of holes  o r  

e lec t rons .  I t  has been pointed ou t  t h a t  t h e  t o t a l  charge on t h e  surface  space 

charge region inc reases  exponential ly with surface  po ten t i a l .  

It must a l s o  be pointed ou t  t h a t  photoelec t r ic  emission from a seniiconductor 

i n  general  can a r i s e  from e lec t rons  i n  t h e  valence band, i n  t h e  conduction band 
' .5 

and from sur face  s t a t e s :  Grobeli and Allen have discussed t h e  case  of s i%icon 

su r face  emission. According t o  them, emission from surface  s t a t e s  should e i t h e r  
I1.j y% 

increase,,the su r face  i s  made more n-type and decrease a s  it i s  made more-p-type, 

o r  e l s e  remain constant  i n  both cases ,  depending upon t h e  presence o r  absence of 

surface  s t a t e s  near t h e  F e m i  l e v e l  a t  t h e  surface. They d i scuss  t h a t  i f  the  

e lec t ron  concentra t ion  i n  t h e  conduction band reaches s u f f i c i e n t l y  high values 

wi th in  an escape depth of t h e  surface ,  emission from t h e  conduction band should 

become observable. This  emission would have a photoelec t r ic  threshold equal t o  

the  work funct ion  and would inc rease  a s  t h e  donor concentra t ion  increased.  It 

i s  found t h a t  i n  t h e  case  of s i l i c o n ,  t h e r e  i s  a low energy " t a i l ' h h i c h  begins 

t o  increase  appreciably i n  n-type samples. Such samples have space charge depth 

of severa l  hundreds of angstroms and t h e  fermi l e v e l  i s  s t i l l  over o r l e v  below 

t h e  conduction band i n  t h e  bulk, and the re fo re  t h e  e l ec t ron  concentra t ion  would 

n o t  reach appreciable  values c l o s e  enough t o  t h e  surface  t o  permit measurable 

emission from t h e  f i l l e d  conduction band s t a t e s .  The y ie ld  i n  t h e  low energy 



t a i l  f o r  n-type samples i n  in te rp re ted  a s  a r i s i n g  from surface s t a t e s  i n  which 

t h e  e l ec t ron  population i s  increasing a s  t h e  sample becomes more n-type. 

On t h e  b a s i s  of t h e s e  prel iminary d iscuss ions9 it i s  t o  be seen whether i n  

t h e  present  inves t iga t ions ,  t h e  r e s u l t s  obtained wi th  t h e  organic semiconductors 

under study i n  an e lec t ro -pos i t ive  gas  atmosphere l i k e  hydrogen o r  i n  an e lec t ro -  

negative gas l i k e  oxygen w i l l  g ive  a d d i t i o n a l  proof t o  t h e  v a l i d i t y  of t h e  
* ,5-? k 

t h e o r i e s  evolved,or, i f  t h e  r e s u l t s  a r e  i n  cont radic t ion ,  how it could be 

accounted f o r ,  and a  more va l id  theory  of t h e  s t r u c t u r e  of t h e  surface  s t a t e s  and 

process of charge t r a n s f e r  could be es tabl i shed.  
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Student Assis tants  

M r .  Melvin Jackson ( ~ u n i o r  i n  Physics-Mathematics ~ a j o r )  and M r .  Charles 

Car te r  (a  ~ophomore) have been working with t he  p ro jec t  during the  year. 

M r .  Jackson has been with t he  p ro jec t  f o r  two years and two summers and has 

been able  t o  t r a i n  himself well i n  handli~lg research work both i n  i t s  technical  

aqpects and i n  taking observations and in te rpre t ing  them. 

M r .  David Baldwin, a  Math- &s ics  junior has a l s o  been working with t h e  

p ro jec t  f o r  a shor t  period i n  June a f t e r  which he has entered t h e  Pennsylvania 

University on a work-study research programme fo r  t h e  summer. 

Technical Assistance 

t 
On account of t he  lack of a machine shop and f a c i l i t i e s  f o r  technical  work 

i n  the  college,  p a r t  of the  fabr ica t ion  work i n  s e t t i ng  up t he  experimengl 
ii" 

layout  was done i n  t he  University of Alabama Research I n s t i t u t e  i n  ~ u n t s ~ i l l e  

and t he  r e s t  i n  a machine shop i n  t h e  c i t y  i t s e l f .  
*l$' 



EXPENDITURE 

1. Equipment, 

2. Salaryr 

Student Assistants. 

Principal Investigator 

Technical Assistance 
(yet to be paid) 

3. Books and journals 

4. Travel 

5 .  Office supplies, Telephone e t c .  


